Abstract -In this paper we report on techniques to improve sensitivity and reduce the residual stress and its effects on THz MEMS bi-material sensors, using metamaterial structures and self-leveling configurations. Structural metamaterial films made of aluminum and silicon-rich silicon oxide bring the THz absorption close to 100% while making the absorption area relatively flat. Multi-folded bi-material and thermal insulating legs compensate the residual stress of the films, leveling the sensors, making them attractive to be used in THz imaging systems with external optical readout.
I. INTRODUCTION
MEMS bi-material sensors are very attractive for detection in IR [1] and THz [2] range due to two important aspects. First, when compared to the microelectronic devices, fabrication processes are much simpler and can be carried out using standard microfabrication facilities. Second, the sensors can be probed by external optics avoiding the complex on-chip microelectronics readout, necessary in most conventional sensor arrays. A typical bi-material detector [3] consists of a sensing structure responsible for converting incoming radiation to heat, which is transmitted by conduction to bi-material legs, that are thermally insulated from the host substrate (heat sink) by supporting structures of lower thermal conductance. Figure 1(a) shows a schematic diagram of a typical bi-material sensor fabricated by our research group [3] . The bi-material legs undergo bimetallic deformation [4] due to the temperature rise upon absorption of incident radiation by the absorber. In order to maximize sensitivity, the materials should be selected to provide strong THz absorption, large absorption area, highly different thermal expansion coefficients, good thermal insulation, and a reflective surface for optical readout. All of these requirements are intrinsically interdependent making the optimization of the final sensor highly dependent on the intended application.
Terahertz absorption in bi-material sensors can be obtained with using typical MEMS dielectrics such as SiO 2 and SiN x [1] with very low efficiency, or up to 50% using metallic thin films [5] . In addition to the sensitivity limitations, another impacting constraint in bi-material sensor fabrication is the residual stress that causes the sensor to be intrinsically deformed and unleveled, making the optical readout very difficult. Figure 1(b) shows the measured 3D profile of a fabricated bi-material sensor where the THz sensitive layer is a 10 nm chromium (Cr) film on a 1.2 µm thick SiO 2 structural layer. The 1:1:1 aspect ratio highlights the actual intrinsic bending. Our group has demonstrated ways to significantly reduce the bending of the central absorber and provide a high reflective and leveled surface for optical readout.
II. DISCUSSION AND RESULTS
The lack of fabrication-friendly natural materials exhibiting high THz absorption (>50%) makes metamaterial absorbers very attractive for use in THz bi-material sensors [2] , [3] . Metamaterial perfect absorbers are typically comprised of a periodic array of metallic elements and a homogeneous metallic film separated by dielectric films [6] , [7] . Figure 2 (a) shows a schematic representation of the metamaterial film. Due to the low photon energy in the THz region, imaging often requires external illumination that can be provided by THz quantum cascade lasers (QCL) [8] . The metamaterial films can be easily tuned by design to the QCL frequency [3] , [7] as shown in Fig. 2(b) . In addition to suitable thermal and structural properties being found in typical MEMS materials such as silicon dioxide (SiO 2 ) and aluminum (Al), they are also appropriate for fabrication of metamaterial films that exhibit near 100% resonant absorption in the THz range (see Fig. 2(b) ) [6] , [7] . Despite of the qualities of SiO 2 and Al, the intrinsic stress and the stress caused by their large difference in thermal expansion coefficients can significantly degrade the functionality of MEMS devices. Table 1 shows the measured stress of evaporated Al (100 nm) and plasma enhanced chemical vapor deposited (PECVD) SiO 2 (1.2 µm) films. In order to reduce the stress of the dielectric layer, we have used silicon-rich silicon oxide, SiOx (1 < x < 2). Table 1 shows the measured stress of 1.2 µm thick SiO x films. Notice a large reduction in the stress in comparison with SiO 2 . To make the central absorber as flat as possible the metamaterial periodic element has a square shape to maximize the fill factor (~80%) while preserving the absorption characteristics. The thickness of both Al layers is the same (~100 nm) and the "sandwich" structure (Al/SiO x /Al) exhibits significantly low stress (see Table 1 ) and stays relatively flat. Figure 1(c) shows the measured 3D profile of the bi-material sensor with a metamaterial film used as absorptive as well as structural layer. Notice that the central absorber is fairly flat when compared with the sensor having Cr thin film (see Fig. 1(b) ). The remaining problem of the bi-material (Al/SiO x ) and thermal insulation (SiO x ) legs, which bend due to the residual stress (see Table 1 ), is solved using a self-leveling scheme. Placing an identical bi-material leg next to the bi-material leg attached to the central absorber compensates the residual stress since they bend the same amount. The compensation bi-material leg is not affected by temperature rise in the sensor since it is attached to the substrate (heat sink) and the high thermal conductivity of aluminum makes it thermally shorted. The insulation structure (SiO x ) that connects both bi-material legs assures that a temperature gradient is built between them causing a deformation of the bi-material leg attached to the central absorber proportional to the absorbed THz radiation. The insulation structures are also folded in such a way that the stress in one leg is compensated by the opposing, similarly sized leg. Figure 2 (c-top) shows a measured 3D profile of a fabricated self-leveling THz sensor where the stress compensation can be clearly seen. Fig. 2(c-down) shows a SEM micrograph of the same sensor. The advantage of this design is that since the metamaterial can be designed to absorb nearly 100% on the desired frequency and the compensation configuration keeps the sensor flat and leveled, the sensitivity of the sensor can be tailored just by adjusting the absorbing area and the bi-material leg length [3] .
III. CONCLUSION
In summary, we have demonstrated the design and fabrication of THz MEMS bi-material sensors using metamaterial films and self-leveling configuration to improve THz absorption and provide a flat and leveled reflective surface for optical readout. The metamaterial film consists of sandwich of SiO x between two Al layers provided self-compensation of stress due to the difference in thermal expansion coefficients and made it relatively flat. The homogeneous aluminum layer of the metamaterial provides high reflectivity, needed for optical readout. The self-leveling configuration employed using two side-by-side bi-material legs compensate the residual stress of the SiO x /Al combination and kept the central part of the sensor leveled with the substrate. The deformation under THz absorption is assured by the thermal insulation between the two bi-material legs. Preliminary results show that the sensitivity of the sensor is primarily due to the leg attached to the absorber and the metamaterial area, which can be sized to comply with different application demands.
